We hypothesize that sweet potato genotypes can influence the bacterial communities related to phosphate mineralization and nitrogen fixation in the rhizosphere. Tuberous roots of field-grown sweet potato from genotypes IPB-149, IPB-052, and IPB-137 were sampled three and six months after planting. The total community DNA was extracted from the rhizosphere and analyzed by Polymerase Chain Reaction-Denaturing Gradient Gel Electrophoresis (PCR-DGGE) and quantitative real-time PCR (qPCR), based on the alkaline phosphatase coding gene (alp gene) and on the nitrogenase coding gene (nifH gene). The cluster analysis based on DGGE showed that plant age slightly influenced the bacterial community related to phosphate mineralization in the rhizosphere of IPB-137, although it did not affect the bacterial community related to nitrogen fixation. The statistical analysis of DGGE fingerprints (Permutation test, p ≤ 0.05) showed that nitrogen-fixing bacterial community of IPB-052 statistically differed from genotypes IPB-149 and IPB-137 after six months of planting. The bacterial community of IPB-137 rhizosphere analyzed by alp gene also showed significant differences when compared to IPB-149 in both sampling times (p ≤ 0.05). In addition, alp gene copy numbers significantly increased in abundance in the rhizosphere of IPB-137 after six months of planting. Therefore, plant genotype should be considered in the biofertilization of sweet potato.
Introduction
The rhizosphere is characterized as the soil in close contact with plant roots and is where the root microbiome recruitment occurs through exudation of plant molecular signals, especially secondary metabolites [1, 2] . Plants are usually benefited by the interactions with soil microbes in their rhizospheres, improving plant nutrient acquisition, pathogen resistance, and stress tolerance [3, 4] . The so-called 'Plant Growth-Promoting Rhizobacteria' (PGPR) are non-pathogenic bacteria that live in the rhizosphere soil and are able to promote plant development [3, [5] [6] [7] . Some PGPR are able to provide essential nutrients to plants using a compound that is synthesized by the bacterium or making some macro and micro-nutrients available that were immobilized in mineral and organic compounds, and were not free for plant uptake [8] . The biological nitrogen fixation and the phosphate solubilization/mineralization are examples of the direct promotion of plant growth by PGPR [9] . The use of PGPR in biofertilization is an open field for research on sustainable agriculture, as it optimizes crop yields based on beneficial plant-microbe interactions [1, 10] . The use of PGPR has been tested with success in different plants such as maize, potato, wheat, and many other economically important ones [11] .
A large number of biotic and abiotic factors influence the microbial communities in the rhizosphere. Physicochemical characteristics of the soil directly modulate microbial communities [2] and plant physiology and genetics also control rhizosphere composition [1, 12] . The impact of plant genotypes on rhizosphere microbiome composition varies depending on soil context and plant species studied [13] . Therefore, understanding mutual adaptation between microbes and plants in response to different environmental conditions can contribute to crop breeding and management programs.
Sweet potato plants (Ipomoea batatas L.) present a complex root system composed by fibrous rootsspecialized in nutrient absorption -and tuberous roots -specialized in nutrient storage. The transition from fibrous root to tuberous root is related to starch accumulation [14, 15] . The tuberous roots represent one of the major nutrient sources for countries in development, and they also contribute to a supply of vitamins B, C, and E and minerals, including iron, calcium, zinc, and selenium, in the human diet (International Potato Center - [16] ). Sweet potato is cultivated worldwide, with Asia and Africa together producing 95% of all roots commercialized globally [17] . Sweet potato is used for food, animal feed, and processing (as food, starch, and other products) and its biggest global producer and consumer is China. Among Latin America countries, Brazil is in the spotlight as the main sweet potato producer. Sweet potato is considered to be the country's fourth most consumed vegetable crop, and in the northeast of the country, the culture is important both economically and socially [18] .
For sweet potato, as for other crops, high root yields are desirable for good crop productivity. Usually, chemical fertilizers are used, but the high inorganic fertilizer input contributes negatively to production costs and to environment pollution [19] . They are expensive, non-eco-friendly, cause eutrophication, reduce organic matter and microbial activity in soil, and are hazardous to health [20] . Therefore, there is increasing interest in the use of biofertilizers for sustainable agriculture. PGPR can help to increase quality of the soil by providing nutrients required for benefit of the plants [8] . Dawwam, et al. [21] have already demonstrated the beneficial effect of PGPR isolated from the roots of sweet potato. Different isolates having abilities for IAA production and phosphate solubilization were tested as bioinoculants to potato tubers, and the inoculated plants showed significant differences in various parameters such as vegetative growth, photosynthetic pigments, and N, P, and K concentrations.
According to other studies, the growth of sweet potato can be significantly improved by PGPR [19, [22] [23] [24] . However, information about the PGPR communities during the sweet potato growth and their behavior depending on the genotype of sweet potato studied is still limited. In previous studies, the total bacterial communities from the rhizosphere and endosphere of the tuberous roots of three sweet potato genotypes (IPB-149, IPB-137, and IPB-052) were characterized by Marques, et al. [12, 25] . The results showed a strong rhizosphere effect in the soil surrounding the sweet potato tuberous roots, showing an influence of plant age and genotypes in bacterial communities. However, the effects of either plant age or genotypes specifically in the PGPR communities (nitrogen fixing and phosphate mineralizing bacteria) found in the rhizosphere of these sweet potato genotypes have never been described before. Therefore, in the present study, we used cultivation-independent methods (PCR-DGGE and quantitative PCR) based on alp gene (alkaline phosphatase coding gene) and on nifH gene (nitrogenase coding gene) to analyze the structure and the density (gene copy numbers) of the bacterial communities related to biofertilization (phosphate mineralization and nitrogen fixation) in rhizosphere soil. The analyses were performed to compare the distribution of alp and nifH genes among the sweet potato genotypes sampled three and six months after planting. The data generated in this study could be important for increasing knowledge on the productivity of these sweet potato genotypes under field conditions.
Materials and Methods

Plant Genotypes, Experimental Field Design and Conditions
The sweet potato genotypes IPB-149, IPB-137, and IPB-052 used in the present study are from the Active Germplasm Bank of the Federal University of Sergipe (UFS). These genotypes were previously described by Marques, et al. [12, 25] . In brief, the IPB-149 genotype, the most commercialized genotype in the northeast of Brazil, presents a white surface color in the tuberous roots, a high starch content, and a major resistance to insect attack. The IPB-052 genotype, commercially known as cultivar Brazlândia Rosada, shows similar characteristics to the IPB-149 genotype. In contrast, the IPB-137 genotype, from the breeding program of the Federal University of Lavras, Brazil and denoted as clone 2007HSF028-08, presents different characteristics, including a pink color on its tuberous root surface, a lower starch content, and a low resistance to insect attack. It has longer branches and a shorter length between nodes, and the use of its aerial part for animal feed purposes has been suggested. Other morpho-agronomic traits, including the dry mass of aboveground part and the total productivity of the roots, were presented in Alves, et al. [26] .
In 2011, a field experiment with sweet potato plants was performed in the Research Farm "Campus Rural da UFS". The experimental farm is located in the 'São Cristóvão' municipality (10 • 55'27" S/ 37 • 12'01" W), Sergipe State, northeast of Brazil. The experimental farm soil characteristics were: pH (5.4), Ca 2+ (0.82 cmolc/dm 3 ), Mg 2+ (0.43 cmolc/dm 3 ), Al 3+ (0.65 cmolc/dm 3 ), Na (3.5 mg/dm 3 ), K (21.1 mg/dm 3 ), P (7.0 mg/dm 3 ), 73.82% sand, 20.72% silt, 5.46% clay, and 0.86% C org [14] [15] [16] . The experimental field design was described in Marques, et al. [12, 25] . The genotypes were planted in three replicate rows (randomized block design) in the experimental plot with spaces of 0.8 m between the rows and 0.35 m between plants. All of the cultural management processes used were those described in Alves, et al. [26] . After three (t1, _3M) and six (t2, _6M) months, sweet potato plants with similar plant growth developmental stages were randomly harvested from the research farm soil. A total of five plants/replicates of the three different sweet potato genotypes were collected in each sampling time. Their roots were shaken to remove the loosely attached soil, and the soil still adhering to the tuberous roots was aseptically brushed off from all tuberous roots of every plant. This soil was considered to be rhizosphere soil. The rhizosphere samples were kept at −20 • C before total community DNA (TC-DNA) extraction.
TC-DNA Extraction and PCR Amplification
The TC-DNA was extracted from each five replicates of rhizosphere (0.5 g of each) from the three sweet potato genotypes (IPB-149, IPB-137, and IPB-052), and from both sampling times (t1 and t2). The Fast DNA Spin Kit for soil (Qbiogene, BIO 101 Systems, Carlsbad, CA, USA) was used according to the manufacturer's instructions. TC-DNA preparations were used in PCR reactions in order to amplify the alp gene (alkaline phosphatase coding gene) and nifH gene (nitrogenase coding gene).
The PCR conditions for alp gene amplification were performed as described by Sakurai, et al. [27] . The primers ALPS-F730/ALPS-R1101 were used in the PCR reactions and the reverse primer was added with a GC clamp. The reaction conditions were those previously described in Sakurai, et al. [27] . Fragments of the nifH gene were amplified using a nested-PCR approach. Briefly, the primers FGPH19 [28] and PolR [29] were used for the first-round of the PCR. The first-round PCR conditions were those described by Monteiro, et al. [30] . A 1:100 dilution of the first-round PCR product was used as a template for the second-round with the primers PolF/AQER using the same reaction conditions as described by Poly, et al. [29] . The PCR products were visualized by electrophoresis and then stored at −20 • C until DGGE analyses.
DGGE and Statistical Analyses
The INGENYphorU-2 system (INGENY International BV, Middelburg, The Netherlands) was used for DGGE. The PCR products from both genes (alp and nifH) and a standard bacterial marker (previously described by Heuer, et al. [31] ) were loaded directly to DGGE. The denaturing gradient of urea and formamide varied in the range 40%-60% (the alp gene), and 40%-70% (the nifH gene). The electrophoresis conditions were performed as described by Sakurai, et al. [27] and Monteiro, et al. [30] for the alp and the nifH genes, respectively. After electrophoresis, the DGGEs were stained with SYBR Green I and visualized using a STORM apparatus (Amersham Pharmacia Biotech, Munich, Germany). The unweighted pair group with average linkages (UPGMA) was used for cluster analysis. The software BioNumerics 5.0 version (Applied Mathematics, Kortrijk, Belgium) was used to construct dendrograms based on Pearson similarity indices. Significant differences (p ≤ 0.05) between DGGE profiles were determined by permutation tests based on pairwise Pearson correlation indices using the PERMTEST software [32] . In addition, quantitative matrices generated from the DGGE lanes based on Dice correlation index were exported to PAST software [33] for principal component analysis (PCA).
Determination of alp and nifH Genes Copy Numbers
The abundance of phosphate mineralizing and nitrogen fixing bacteria were quantified by targeting the alp and nifH genes, respectively, in a quantitative real-time PCR (qPCR). The reactions were performed in an ABI Prism 7300 Cycler (Applied Biosystems, Germany) in 25 µL reaction mixtures containing 1 × SYBR TM Select Master Mix (Applied Biosystems, Germany), 0.4 µg/µL BSA, 1 µL of target DNA (approximately 50 ng) and 0.5 µM of primers. For the quantification of alp gene, primers ALPS-F730/ALPS-R1101 [27] were used. The amplification conditions were 2 min at 50 • C, 10 min at 95 • C, and 40 cycles consisting of 30 s at 95 • C, 60 s at 57 • C, and 30 s at 72 • C. Standard curves were prepared by serial dilutions (from 10 8 to 10 1 gene copy numbers/µL) of plasmid DNA (pTZ57R/T; CloneJET™ PCR Cloning Kit -Thermo Fisher Scientific, Waltham, MA, USA) containing the cloned alp gene PCR products from bacterial strain 006.30 [34] . For the quantification of the nifH gene, primers FGPH19 [28] and PolR [29] were chosen as described by Taketani, et al. [35] . The amplification conditions were an initial denaturation step at 94 • C for 10 min, followed by 40 cycles of 1 min at 94 • C, 27 s at 57 • C, and 1 min at 72 • C. Standard curves were obtained using serial dilutions of the Escherichia coli-derived vector plasmid JM109 (Promega, Madison, WI, USA) containing a cloned nifH gene from Bradyrhizobium liaoningense, using 10 2 to 10 7 gene copies/µL. Significant differences between samples were tested in pairwise comparisons using the Tukey test (p ≤ 0.05; SAS 9.3; SAS Institute Inc., Cary, NC, USA).
Results
Structure of Phosphate Mineralizing and Nitrogen Fixing Bacterial Communities Analyzed by DGGE
The effects of plant growth stage and genotypes on the structure of the phosphate mineralizing and nitrogen fixing bacterial communities present in the rhizosphere of tuberous roots of the genotypes IPB-149, IPB-137, and IPB-052 were analyzed by DGGE based on alp gene and nifH gene fragments, respectively, which were amplified from TC-DNA.
For the DGGE profiles based on the alp gene, principal component analysis (PCA) showed the formation of two separate groups: IPB-137_6M and IPB-149_3M ( Figure 1A) . The fingerprints of the phosphate mineralizing bacterial community in the rhizosphere were statistically analyzed using the permutation test (p ≤ 0.05). The sampling time had a significant effect on the structure of the bacterial community in the IPB-137 genotype (Table 1) . Moreover, the results showed that the genotypes also significantly influenced the structure of the phosphate mineralizing bacterial community in IPB-137 and IPB-149 ( Figure 1B ). These communities were statistically different for both sampling times (Table 1) . Therefore, the different genotypes and, to a minor extent, the time influenced the phosphate mineralizing bacterial community present in the tuberous roots of sweet potato studied here. The DGGE fingerprint analyses showed that the structure of both bacterial communities were complex with high variability among the replicates (Figure S1A,B) . The samplings of IPB-137 and of IPB-149 were grouped separately (per genotype) with more than 60% similarity after UPGMA cluster analysis ( Figure S1A ). A high similarity (more than 80%) was observed within IPB-137_6M samples, suggesting a slight influence of the plant age, as was observed in PCA. For the DGGE profiles based on the alp gene, principal component analysis (PCA) showed the formation of two separate groups: IPB-137_6M and IPB-149_3M ( Figure 1A) . The fingerprints of the phosphate mineralizing bacterial community in the rhizosphere were statistically analyzed using the permutation test (p ≤ 0.05). The sampling time had a significant effect on the structure of the bacterial community in the IPB-137 genotype (Table 1) . Moreover, the results showed that the genotypes also significantly influenced the structure of the phosphate mineralizing bacterial community in IPB-137 and IPB-149 ( Figure 1B) . These communities were statistically different for both sampling times (Table 1) . Therefore, the different genotypes and, to a minor extent, the time influenced the phosphate mineralizing bacterial community present in the tuberous roots of sweet potato studied here. The DGGE fingerprint analyses showed that the structure of both bacterial communities were complex with high variability among the replicates (Figure S1A,B) . The samplings of IPB-137 and of IPB-149 For the DGGE profiles based on nif gene, the influence of the sampling time was not evident in PCA, except for some of IPB-137_6M replicates (Figure 2A ). The results also showed that the genotypes affected the structure of the nitrogen fixing bacterial community ( Figure 2B ). The fingerprints of the nitrogen fixing bacterial community in the rhizosphere were statistically analyzed using the permutation test (p ≤ 0.05). No significant effect of the sampling time on the structure of the nitrogen fixing bacterial community within the different genotypes was observed ( Table 1 ). In contrast, the structure of the nitrogen fixing bacterial communities in sweet potato genotypes IPB-149 and IPB-137 were statistically different from those in IPB-052 after six months of planting ( Table 1 ). The visual interpretation of the DGGE profiles corroborated the PCA. UPGMA cluster analysis of the DGGE profiles based on nifH gene showed a high similarity within the replicates of IPB-137_6M. The replicates of IPB-052_6M formed a group that was separate from the other genotypes ( Figure S1B ). 
Quantitative Real-time PCR of alp and nifH Genes
The alp and nifH genes were quantified in all sweet potato rhizospheres. The values for alp gene quantification (copies of alp gene/g of rhizosphere soil) were higher than for nifH gene (Figure 3) . The analyses revealed a statistically significant difference (p ≤ 0.05) in the abundance levels of the alp genes only in IPB-137 after six months of planting, suggesting that the abundance of the phosphate 
The alp and nifH genes were quantified in all sweet potato rhizospheres. The values for alp gene quantification (copies of alp gene/g of rhizosphere soil) were higher than for nifH gene (Figure 3) . The analyses revealed a statistically significant difference (p ≤ 0.05) in the abundance levels of the alp genes only in IPB-137 after six months of planting, suggesting that the abundance of the phosphate mineralizing bacterial community present in the tuberous roots of sweet potato is influenced by the genotype and also by the time in IPB-137 ( Figure 3A) . Similarly, the IPB-137 genotype showed statistically significant differences in the abundance levels of the nifH genes between three and six months (t1 × t2) after planting ( Figure 3B ). Statistically similar nifH gene densities (p ≤ 0.05) were observed between the t1 and t2 samplings in IPB-149 and IPB-052. When comparing the t2 samplings, no differences in nifH gene densities were observed between the different genotypes ( Figure 3B ). 
Discussion
The use of biofertilizers, including plant growth promoting bacteria, is increasing worldwide as an environmentally-friendly alternative for soil fertility management, sustaining not only sweet potato yields (both in terms of tuber weight and in terms of the levels of starch in sweet potato crops) but also different economically important plants [11] , compared with the continuous application of inorganic fertilizers alone [36] [37] [38] [39] . The plant positive response to biofertilization stimulates the continuous optimization of crop yields by exploiting beneficial plant-microbe interactions [4] . 
The use of biofertilizers, including plant growth promoting bacteria, is increasing worldwide as an environmentally-friendly alternative for soil fertility management, sustaining not only sweet potato yields (both in terms of tuber weight and in terms of the levels of starch in sweet potato crops) but also different economically important plants [11] , compared with the continuous application of inorganic fertilizers alone [36] [37] [38] [39] . The plant positive response to biofertilization stimulates the continuous optimization of crop yields by exploiting beneficial plant-microbe interactions [4] . However, the effect of different biofertilizers on root colonization, nutrient uptake, growth, and yield is not always as effective as expected. Different types of soils found in various countries, as well as plant genotypes and the sampling time (period the crop was maintained in the field) all contribute to different responses in plant yields, including those observed in sweet potato [22, 36, 37] .
It was evident in previous studies conducted by our group that the total bacterial communities associated with different genotypes of sweet potato planted in Brazil varied depending on the plant age and genotype [12, 25] . However, the behavior of specific communities such as phosphate mineralizers and nitrogen fixers, which may contribute directly to the plant development, was not taken into account at that time. Indeed, the majority of the studies focusing on phosphate-solubilizing/mineralizing and nitrogen-fixing bacterial communities found in the literature were conducted to screen for beneficial traits that could improve plant growth. Alterations on the structure and abundance of these communities along the plant growth have not been accessed, which are usually restricted to a single genotype and a growth stage of the plant [21, 24, 40] .
In the present study, we demonstrated that the structure of phosphate-mineralizing bacterial community (based on the presence of alp genes) varied along the plant growth depending on the genotype considered. The structure of the phosphate mineralizing bacterial community in IPB-137 was mainly different from that in IPB-149. Tarafdar and Jungk [41] observed that both acid and alkaline phosphatase activities of soil were usually increased near the rhizoplane of different plants and such an increase depended on plant species, soil type, and plant age. Although the optimal pH for the activity of the alkaline phosphatase is higher than the pH of the soil where the sweet potatoes were planted, its role remains an important one regardless. For example, both acid and alkaline phosphatase activities near the rhizoplane of maize resulted in alterations of the composition of bacterial communities, as determined by PCR-DGGE [42] . In addition to the influence of the genotype, a statistically difference in phosphate mineralizing bacterial communities in IPB-137 was observed between samplings after three to six months of planting. Changes were observed not only in the structure of this community but also in the abundance of alp genes after six months of growth. These changes could be explained by the fact that, at the late growth stage of sweet potato, the roots usually presented stronger nutrient absorption ability due to the increase of the number of root tips, the enlargement of root surface area, and the root volume [43] . Phosphate mineralizers may have contributed to the conversion of insoluble phosphates into available forms for plant via different processes such as acidification, exchange reactions, chelation, and production of gluconic acid [21, 44] .
Nitrogen-fixing bacteria identified as Azospirillum sp. were first isolated from the fibrous roots and storage root peels of sweet potato [45] . From this time on, different studies were carried out on the isolation and identification of nitrogen fixers in sweet potato roots, as important evidence indicated that nonsymbiotic N 2 fixation in sweet potato is agronomically significant [40] . Active expressions of the nifH gene phylogenetically similar to those of Bradyrhizobium spp., Sinorhizobium sp., Azorhizobium sp., Bacillus sp. and Pelomonas sp. were found in large quantities in the N 2 -fixing sweet potato storage tubers planted in different regions [40, 46, 47] . In our study, the structure and abundance of nitrogen-fixing bacterial communities based on the nifH gene were determined and compared between the three genotypes.
The nitrogen-fixing bacterial community in the rhizosphere of IPB-052 seems to be different from those of the other two genotypes. IPB-052 presents a white surface color on the tuberous roots and high starch content. It is quite possible that specific nitrogen-fixing bacteria are being recruited from soil to the rhizosphere. This rhizosphere effect can generate a zone with maximum microbial activity, resulting in a pool of metabolic products that can support plant growth [48] . However, the difference observed on the structure of the nitrogen-fixing bacterial community in IPB-052 does not also appear in the analysis of the nifH gene abundance. The nifH gene copy numbers appeared to be lower than those of alp genes, and the only difference observed among the genotypes studied was between the 3-6 month samplings in IPB-137. This fact suggests that nitrogen-fixing bacteria may only contribute more towards plant development during the early stages of plant growth in this sweet potato genotype.
Conclusions
The results obtained here suggest that the three sweet potato genotypes studied showed a differentiated recruitment of members of the studied communities (phosphate mineralizers and nitrogen fixers). In addition, the IPB-137 genotype showed the highest number of copies of both genes studied with statistically significant differences compared to the other genotypes. Even though we know that the distribution of these communities may be directly related to the productivity of a given genotype, more studies are needed to trace this correlation in the field.
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